A computational fluid dynamics model is presented for the calculation of the flow, suspended solids, and tracer concentration fields in the settling tanks of the water treatment plant of Aharnes, an important component of the water supply system of the greater area of Athens, Greece. The model is applied to investigate the expected negative effect of the wind on the hydraulic and settling performance of the tanks and to evaluate the improvement resulting from the installation of one and two baffles; the wind is modeled using a simple and very conservative approach that involves the setting of a constant horizontal flow velocity on the free surface. The model is calibrated and verified with field turbidity measurements. Calculations show that the effect of wind on the flow field and the hydraulic efficiency is strong, with the creation of massive re-circulation areas with intense mixing and high short circuiting; however, the effect of wind on the settling performance of the tanks is not pronounced. The removal efficiency of the tanks, which is 72.48% in calm conditions, is reduced to 68.07% for windy conditions; moreover, it increases to 70.00 and 71.04%, when one or two baffles are installed, respectively.
INTRODUCTION
Sedimentation is one of the most important treatment processes in conventional water treatment plants (WTPs); a significant percentage of suspended solids (SS), which is formed by the aggregation of particles of the untreated water with flocculants in the upstream coagulation units, settles by gravity and therefore influences the degree of treatment of the downstream units of filtration and disinfection and subsequently the efficiency of the plant. Sedimentation is performed in circular or rectangular settling tanks; the determination of the removal efficiency of these tanks has been the subject of numerous theoretical and experimental studies. In the early to mid-20th century, Hazen () and Camp () presented the classical theory of ideal settling that is based on the concept of overflow rate (OR). According to this theory, sedimentation occurs in an ideal tank, in which the flow is steady, horizontal and free from inlet and outlet disturbances (this flow field is usually called plug flow (PF)), and the solids settle freely as in quiescent conditions (without any re-entrainment or flocculation); the OR concept is still applied in the design of settling tanks.
In real tanks, however, the flow field is usually 3-D and complex being characterized by re-circulation regions It is generally recognized that sedimentation tanks are sensitive to wind effects (Asgharzadeh et al. ) ; however, the latter are usually neglected and there are only a few relevant studies in the literature. Sivakumar & Lowe () investigated the effect of wind on the removal efficiency of a rectangular settling tank using a 2-D model that involves the k-ϵ turbulence model (Rodi ) and observed that with increasing wind speed, the re-circulation region in the tank becomes more extended leading to intense mixing and uniform distribution of the SS. Moreover, they concluded that the wind has a detrimental effect on the distribution of SS and the removal efficiency decreases with increasing wind speed with counter current wind speed being more significant. Khezri et al. () performed an experimental study in a pilot sedimentation tank and concluded that: (i) the actual efficiency of the tank (61.24%) decreases with co-current wind speeds of 4.5, 5.5, and 7.0 m/s to 50.01, 46.04, and 45.03%, respectively;
(ii) for counter current wind speed equal to 2.5 m/s the efficiency increases to 65.00% due to the increase of solids retention time; and (iii) when the counter current wind speed increases to 3.5 and 5.0 m/s, the efficiency decreases to 55.07 and 47.00%, respectively, due to re-suspension of solids.
In the present work, a CFD model is presented that is based on the commercial code CFX () to calculate the flow field, the SS concentration field, and the FTC in the settling tanks of the WTP of Aharnes in Athens, Greece.
The model is applied to investigate the expected negative effect of the wind on the hydrodynamic and settling performance of the tanks and to evaluate the improvement resulting from the installation of one and two baffles in the tank.
THE CHARACTERISTICS OF THE SETTLING TANKS AND THE PRACTICAL PROBLEM
The WTP and the settling tanks in Aharnes
Drinking water is supplied to the city of Athens from four WTPs in the areas of Galatsi, Aharnes, Polydendri, and Aspropyrgos, which have a total capacity of 1.9 × 10 6 m 3 /d.
The treatment of raw water in these plants involves coagulation, sedimentation, sand filtration, and chlorination. The It is noted that during the investigation period, the mechanical scrapers of the settling tanks were out of operation due to technical reasons and the removal of sludge was performed periodically (typically every 2 months) via portable pumps. Subsequently, the solids that settled were accumulated in the tank forming a sludge blanket, the height of which has been progressively increasing with time. between the solids and the continuous medium (water).
EQUATIONS OF THE MODEL

Flow field equations
The 3-D flow field in the settling tanks is governed by the bulk continuity and momentum, Equations (1) and (2), respectively, which are derived by summing the corresponding equations over both phases and classes (ANSYS-CFX ). Using the subscripts m, w, and s,n to denote quantities for the mixture, water phase, and class of solids, respectively, we write the equations for the properties of the mixture as follows:
In Equation (7) we denote with U i Dw and U i Ds,n the drift velocities for the water and the solids, respectively, i.e., 
where ω m is the turbulence frequency and S represents the first velocity derivative (U 0 ). The distributions of k m and ω m are calculated from the following transport equations:
where P k ¼ μ tm S 2 is the production term of k m by the mean velocity gradients. 
Ss,n ; and (iv) the apparent diffusion stresses, which are calculated by Equation (7), are approximately equal to zero (τ ij Dm ≈ 0) and thus they are neglected in the bulk momentum Equation (2). The above-mentioned approximations justify the non-dependence of the flow field on the presence of the solids.
SS concentration field equations
The concentration field for each class of solids in the settling tanks is determined by the mass balance equation for each class of mass fraction Y n,s , which after using the Bussinesq approximation is written as follows:
The slip velocity in Equation (11) is used to model settling in the direction of gravity of the Cartesian system and it is equal to the settling velocity V s,n that is determined via the following equation (Hendricks ):
where s ¼ 2.74 is the specific gravity. Alternatively, the settling velocities can be determined by empirical equations based on experiments; see for example Liu & Garcia () and Brennan ().
FTC equation
The convection-diffusion equation for the mean tracer concentration C after implementing the Bussinesq approximation has the following form:
The FTC is calculated from the solution of Equation (13) using the calculated steady-state flow field as input. The injection of the tracer is represented by a square step input, having duration equal to the injection time (T in ); see Stamou & Noutsopoulos ().
NUMERICAL AND CALCULATION DETAILS Numerical code
Calculations were performed with the numerical code ANSYS-CFX () that uses the finite control volume method for the spatial discretization of the domain; the equations of the model are integrated over each control volume of a co-located (non-staggered) grid layout, such that the relevant quantity (mass, momentum, C, S, k, and ω) is conserved, in a discrete sense, for each control volume. Coupling between pressure and velocity in Equations (1) and (2) is handled implicitly by a fully implicit coupled solver, which employs the 4th order accurate Rhie & Chow () interpolation procedure to avoid numerical oscillations (decoupling) due to pressure checkerboard fields. Moreover, the second-order upwind Euler scheme approximates the transient term. More details can be found in ANSYS-CFX ().
Calculation domain and boundary conditions
The settling tanks, whose simplified top view is shown in Figure 2 , are approximately symmetrical. Therefore, we decided to model the left half of the tank, which is shown in Figure 2 , assuming symmetry on a plane xy in the middle of the tank. This approach has been used in cases of relatively symmetrical flows to reduce the total computational effort. An indicative top view of the calculation domain for scenario W-2B is shown in Figure 3 .
We defined boundary conditions at the borders of the calculation domain. At the two inlet openings, a parallel flow was imposed with uniform horizontal velocity, vertical velocity equal to zero, and medium turbulent intensity that was set equal to 5%; the solids and tracer concentration were assumed to be uniformly distributed with concentrations equal to S in and C in , respectively. At the two outlet channels, the sum of flow rates was set equal to the inlet flow rate, while the gradients of C, S, k, and ω at the outlet channels were equal to zero. The vertical walls of the tank were treated as no slipsmooth wall boundaries with the exception of the right side of the tank, at which the condition of symmetry was used;
see Figure 2 . At the bottom of the tank, which was treated as a smooth wall, the solids were assumed to be deposited and removed from the computational domain, i.e., the formation of sludge layer was not taken into account. For scenario n-W, the free surface was treated as a free slip wall; accordingly, the normal velocity component and the normal gradients of all other variables were set equal to zero. For scenarios W, W-1B, and W-2B, the effect of wind was modeled by applying a constant horizontal flow velocity equal to 0.50 m/s on the free surface in the direction of flow (x). This value is very conservative and is based on a free stream-wind speed of 15 m/s (Tsahalis ) which is higher than the maximum value of wind in the area of tanks that was measured in the range 7.0-9.0 m/s at a height equal to 2.0 m from the water surface.
Numerical grids
In the central part of the tank, where the geometry is simple, structured grids that employed hexahedral cells were used, while in the regions of complex geometry, such as the two inlet openings, the two outlet channels and the two baffles, unstructured grids were used; the latter permit a very accu- procedure and using the equations that are described in Stamou & Noutsopoulos () . We have grouped these indicators into four broad categories: (1) short circuiting, 
SS calculations and removal efficiency
The SS at the inlet are usually grouped into a number of classes; in the present work we have used four classes; see the section Classes of SS. Each class has a characteristic diameter (d s ), a characteristic settling velocity (V s ), and it participates in the total mixture of solids at the inlet of the tank with a fraction or percentage (p i ). Equation (11) is solved for each class of solids to determine the steady-state concentration field for this class; then, the weighted average concentration field of the tank is determined from the concentration fields of all classes using their fractions as weights following the procedure described in Stamou et al.
().
FIELD AND LABORATORY MEASUREMENTS
Turbidity measurements at the inlet and the outlet of the tank Turbidity measurements were carried out at the inlet and outlet of the settling tank for a period of 1 year using turbidimeters. Also, turbidity (NTU) and SS concentration (S) measurements were performed for the same influent and effluent samples according to standards methods of APHA, AWWA, and WEF () to establish the following relationship:
Equation (14) At the inlet, the turbidity ranged from 2.00 to 19.50 NTU and at the outlet it ranged from 0.40 to 2.50 NTU; the corresponding average daily values were equal to 5.00 and 1.60 NTU, respectively. A representative value for the SS concentration at the inlet is equal to S in ¼ 7.0 mg/L; for comparison purposes all calculations were reduced to this value.
Classes of SS
The SS at the inlet were grouped into four classes, C1, C2, C3, and C4 with characteristic diameters equal to 41, 17, 9.5, and 5.0 μm, respectively. The fractions of these classes were determined according to the standard methods of APHA, AWWA, and WEF () equal to p 1 ¼ 45%, p 2 ¼ 17%, p 3 ¼ 23%, and p 4 ¼ 15%, respectively. The settling velocities were calculated using Equation (12) 
Distributions of the SS in the tank
We have performed a series of in-situ turbidity measure- It is noted that the processes of solids accumulation, sludge-blanket formation, coagulation, and re-suspension are not described in the present model; for example, via the modification of the source terms of Equation (11) it is anti-clockwise and its size varies along the width of the This short-circuiting results in much lower hydraulic retention times than T and reduced removal efficiencies (see also Table 1 ).
The degree of complexity and three-dimensionality of the flow is reduced when wind is present (see Figures 5(b) and 6(d)); the wind creates a clockwise eddy on the vertical plane xy (V0). This eddy is massive and covers approximately 70% of the tank's volume leading to intense mixing and more uniform distribution of all quantities, including velocities and SS concentrations. Moreover, it reduces the size of V1 above the inlet openings, as shown in Figure 6 (d).
The flow enters the tank, passes under V1, rises rapidly to the surface and exits the tank via the outlet channels following a short-circuiting path (see Figure 6 (d)) with velocities that range from 0.01 to 0.10 m/s in the main body of the tank and from 0.10 to 0.14 m/s near the outlet channels (see Figure 6 (e)). of the tank and in total three smaller tanks in the whole tank; in these smaller tanks the flow is similar to that for scenario W-1B with a total of six re-circulation regions (V0-1, V1-1, V0-2, V1-2, V0-3, and V1-3), while the short circuiting is further reduced (see also Figure 8 and Table 1 ).
FTC calculations
In Figure 8 , the calculated FTCs at the left and right outlet channel for all scenarios are shown, which correspond to the flow fields of Figure 5 . These FTCs have been used to derive the average FTCs that are plotted in Figure 9 (a), from which the cumulative FTCs were constructed, that Moreover, for all scenarios, the total mass of tracer at the two outlet channels was approximately the same, following the equal distribution of flow rates (see the section Flow field calculations); this behavior was also valid for scenario n-W in spite of the significant differences in the shapes of FTC.
The FTC characteristics of the initial geometry (scenario n-W) shown in Table 1 Based on Figure 9 and the characteristics of Table 1, scenario W exhibits the worst behavior (noted also in Table 1 with the number 4 in parentheses for all characteristics), i.e., it shows very high levels of short circuiting Table 1 with the number 1 in parentheses for the majority of the characteristics), while scenario W-1B with one baffle seems to approach more PF conditions than scenario n-W (with no wind), which however exhibits the lowest degree of mixing, judging only by the maximum concentration (see Figure 9 (a)). The abovementioned behavior is in accordance with the theoretical concept that the flow in a series of CM reactors approaches C4 ) is always present in the outlet, i.e., the maximum removal efficiency of the tank can never exceed 85%, which is indeed correct (see the section Classes of SS). 
. Assuming a conservative percentage of removal for these fractions equal to 30%, the minimum removal efficiency of the tank is expected to be higher than 57%.
Distributions of SS
The steady-state SS concentration fields are plotted in Figure 11 and the removal efficiencies for all classes and scenarios are shown in Table 3 . As in Table 1 , the numbers in parentheses compare the four scenarios: (1) refers to the best scenario and (4) to the worst. Figure 11 shows that the concentration fields are strongly influenced by the respective flow fields, which are shown in Figure 5 ; in the recirculation areas SS concentrations tend to be uniformly distributed, while the lowest values are observed close to the free surface and the highest near the bottom due to the process of settling. Figure 11 shows that the action of wind (scenario W) leads to higher values of SS concentration in the tank compared to the no-wind scenario (n-W); the isoconcentration lines of SS are shifted to the right, i.e., the solids move faster toward the outlet due to the action of wind on the water surface, and the vertical distribution of SS concentration is relatively more uniform, since mixing is intense in the large wind-generated re-circulation area V0 (see Figure 6 (d)). Τhe use of one baffle in scenario W-1B divides the settling tank into two parts and practically shifts the iso-concentration lines of SS upstream thus improving the efficiency of the tank, while the implementation of two baffles divides the tank into three parts and improves further its efficiency.
Removal efficiency, its relation with hydraulic efficiency and practical aspects According to Table 3 , the tank shows the best removal efficiency (72.48%) without wind (scenario n-W), which as expected is significantly lower than the efficiency for ideal settling (84.18%). When the wind is present (scenario W), the worst efficiency (68.07%) is observed, which however increases using one baffle (70.00%, for scenario W-1B), while a further improvement can be achieved when two baffles are installed in the tank (71.04%, for scenario W-2B).
This order of removal efficiency, which was observed among the four scenarios for the average SS concentrations, was also valid separately for each class of solids.
The order of removal efficiency among the four scenarios shown in Table 3 is not the same as that of hydraulic efficiency of Table 1 , in which the scenarios with baffles under wind conditions (scenarios W-1B and W-2B)
showed a better efficiency than the scenario without wind (scenario n-W) (see the section FTC calculations). In other words, in the comparison of various alternative scenarios for tank configuration or operation, the scenario that shows the best hydraulic performance does not necessarily exhibit the best removal efficiency. The main reason for this behavior is that the removal efficiency is dependent upon the characteristics of SS in the effluent, while the hydraulic efficiency is not. Therefore, when the influent contains mainly very heavy or very light particles (i.e., particles with very high or very low Hazen numbers), the hydrodynamics in the tank does not affect its removal efficiency significantly, because it is expected that the very heavy particles are removed by 100%, while the very light particles are not removed at all. Table 3 shows that for windy conditions the SS concentration in the effluent increases from 1.93 to 2.24 mg/L, i.e., the difference is not that pronounced. In other words, the effect of the wind on the effluent concentration is not intense, as it was initially considered based on the optical observations during strong winds (extended areas with high turbidity, especially close to the inlet of the tank), and even more, as it was expected based on the dramatic differences of the calculated flow fields. The presence of turbid areas is due mainly to the re-suspension of the solids, which are accumulated in the bottom of the tank.
The extent of these areas and the degree of turbidity are expected to decrease significantly when the sludge removal mechanism is set back in operation. Under these normal conditions and during strong winds, the use of one or two baffles improves the efficiency of the tank by reducing the SS concentrations at the effluent to 2.10 and 2.03 mg/L, respectively.
CONCLUSIONS
We applied a CFD model (i) to investigate the expected negative effect of the wind on the hydrodynamic and settling performance of the settling tanks of the WTP of Aharnes, and (ii) to evaluate the improvement resulting from the installation of one and two baffles in the tank. The wind was modeled using a simple, but very conservative approach, which involves the setting of a constant horizontal flow velocity on the free surface. We calibrated and verified the part of the model that describes the behavior of SS with field measurements; in this validation procedure the effects of solids re-suspension and coagulation, which
were not accounted by the model explicitly, were indirectly taken into account. Calculations showed that the effect of wind on the flow field and the hydraulic efficiency is very strong, with the creation of massive re-circulation areas with intense mixing and high short circuiting. However, the effect of wind on the settling performance of the tanks was not pronounced; their initial removal efficiency of 72.48% was reduced to 68.07%, when a strong wind was present. Moreover, it was increased to 70.00 and 71.04%, when one or two baffles were installed, respectively.
